Introduction and Experiment
The use of through silicon vias (TSVs) is increasing in three dimensional integrated circuit (3D-IC) applications, both for chip stacking and for improving chip package input/output (I/O) density and/or module performance. Most TSV applications use either copper or tungsten for the primary conductor. The TSV can be electrically insulated from the substrate or can be connected to the substrate (i.e. for ground planes in radio frequency (RF) devices). For metal-filled TSVs, the coefficient of thermal expansion (CTE) is much greater for the metal than that of silicon, posing a risk of undesired stress generation in the thin silicon device layers, with a potential adverse impact on device performance, yield, and reliability. [1] This paper focuses on stress in Si adjacent to W-filled TSVs (Fig. 1) , where the TSVs are electrically grounded to the silicon substrate (i.e., no insulator between the TSV and the silicon substrate). The grounded W-filled TSVs, processed on the wafer front side, are used in conjunction with blanket wafer backside metallization to reduce ground lead inductance in analog and mixed signal technologies [2] . Stress associated with the TSV is still a challenge for the integration of TSVs, in terms of minimizing wafer warpage and bow. In addition, the stress associated with the TSV can affect the performance of neighboring devices [3] . Hence, it is important to understand stress in silicon associated with the TSVs. In a previous study [4] , stress in silicon adjacent to W-filled TSVs was characterized using Raman spectroscopy from the top surface of a TSV array [4] , which samples the stress in the x and y directions (Fig. 2) . In this study, stress in silicon adjacent to TSVs is analyzed for cross-sectional samples using Raman spectroscopy, which samples stress in the x and z directions (Fig. 2 ).
Results and Discussion
Intensity, shift, and full width at half maximum (FWHM) of Raman signals were measured from various locations of the TSV arrays, under various excitation wavelengths, for stress depth profiling. The stress in silicon can be determined from the Raman shift [4] . Note that the Raman shift measures the sum of stresses perpendicular to the incident laser beam. Silicon stresses were modeled with a 3D quarter-symmetry linear finite element model (FEM) with periodic boundaries (Fig. 2) .
Test structures for Raman stress measurements consist of rectangular bar TSV arrays with W bar widths of 2.6 to 3.0 µm, a depth of ~ 150 µm, and length of ~ 60 µm . Crosssections were prepared using focused ion beam (FIB) sectioning approximately through the midpoint of the TSV array. Raman line scans were made on the cross-sectional samples at 6 different locations corresponding to 6 different depths from the original surface (Fig. 3) .
The Raman intensity and Raman shift for the crosssectional samples show a good correlation to the TSV location for line scans at the top and midpoint of the TSV (line scans 1 and 2, Fig. 4 ). At the W-filled TSVs, the intensity decreases (Fig. 4a) . Directly adjacent to the Wfilled TSVs,the Raman shift increases compared to unstrained silicon (Fig. 4b ), corresponding to a compressive stress in the silicon. In between the W-filled TSVs, the Raman shift decreases compared to unstrained silicon (Fig.  4b ), corresponding to a tensile stress in the silicon. At the bottom of the TSVs (line scan 3), the Raman shift is very small, indicating that there is no significant stress in the silicon.
In a previous study [4] , the same TSVs arrays were characterized by Raman spectroscopy from the top surface of the TSV array. The Raman shift increases adjacent to the TSVs, similar to the data from the cross-sectional samples. However, the shift is larger, corresponding to a larger compressive stress in the silicon for the top-down measurements compared to the cross-sectional measurements (Fig. 4b) .
FEM modeling (Fig. 5 ) of the stress in the silicon near the original surface of the TSVs shows a large compressive stress in y-direction, a tensile stress in the x-direction, and a small compressive stress in the z-direction [4] . Tungsten has a higher CTE than Si and is deposited at high temperature (~ 400 o C). During cooling, the W will shrink more than the surrounding Si. Hence, Si will be in compression in directions that are parallel to the length of the TSV bars (S y ) or that are parallel to the depth direction of the TSV bars (S z ). In contrast, Si will be in tension in directions perpendicular to the length of the TSV bars (S x ).
The Raman shift measures the sum of stresses perpendicular to the incident laser beam, at a depth of ~ 0.5 µm. Hence, for cross-section samples, the Raman shift is measuring the x + z stress components, while for the topdown samples, the Raman shift is measuring the x + y stress components (Fig. 2) . Based on the FEM results, the y stress component has a larger stress than the z stress component, near the top surface of the TSV array. However, at a depth of 90 µm from the original surface (line scan 2), it is expected that the y and z stress components will be similar. The Raman shift is smaller for the cross-sectional samples compared to the top-down samples (Fig. 4b) , indicating a lower stress. A possible reason for the smaller Raman shift in the cross-sectional samples is stress relaxation from the sample preparation. 
